and unipolar soliton (US) in a cold atomic gas with Bessel lattices (BLs). The system we consider is a cold, coherent atomic gas with a tripod or multipod level configuration. Dueing to the giant enhancement of Kerr nonlinearity contributed by electromagnetically induced transparency (EIT), a vector weak vortex soliton can be effectively formed with ultraslow propagating velocity. Furthermore, we demonstrate that the characteristics of 2D VS and US can be controlled and manipulated via adjusting BLs. The results predicted here may be used to design all-optical switching at very low light level.
Solitons, since their propagation in homogeneous Kerr media is affected by catastrophic collapse [5, 6] . Theoretically, several schemes have been elaborated for achieving the stabilization of 2D solitons. As a consequence, the stable 2D solitons have been observed in materials with competing nonlinearities [7] , nonlocal nonlinearity [8, 9] , special nonlinear interactions [10, 11] , binary BECs subject to the action of spin-orbit coupling (SOC) [12] , and wave guide arrays and optical lattices imprinted in different materials [13, 14] . Experimentally, the observation of robust 2 D spatial solitons was reported in different media, such as in a quadratic medium [15] and cubic-quintic [16, 17] and quintic-septimal media [18] , and in cold atomic systems by electromagnetically induced transparency (EIT) [19] .
The introduction of optical lattices into nonlinear media significantly promoted the stability of localized wave structures in BECs [20] or photorefractive crystals [21] .
An important concentric axisymmetric optical lattice, the Bessel lattices (BLs), has attracted a lot of attention these days. Such a lattice can be induced by the non-diffracting Bessel beams, which can be created in experiments by computer-generated holograms [22] or in photorefractive crystals by the phase-imprinting technique [23] . Various types of solitons have been predicted theoretically and observed experimentally in modulated BLs [24] . The unique cylindrical symmetry of such a lattice allows for the existence of stable ring-profiled vortex [25] , multipole [26] , and necklace solitons [27] , provided the lattice is modulated deeply enough.
On the other hand, over the past few years, there has been an intense research interest of the 2D vector vortex solitons in the physics of atomic BECs [28, 29] and in nonlinear optics [30, 31] , in a nonlocal media with vector-necklace-ring soliton clusters carrying zero, integer, and even fractional angular momentums [32, 33] .
Following the previous works [34] [35] [36] [37] , the system we suggest is a cold, coherent tripod or multipod level atomic gas interacting with a probe, signal pulses and a control laser fields working under EIT condition. Based on Maxwell-Bloch (MB) equations and BLs potential, we derive a nonlinear envelope vector equation governing the evolution of a probe field and a signal field. It is shown that, due to the giant enhancement of Kerr nonlinearity contributed by EIT, a vector weak VS and US can be effectively formed with ultraslow propagating velocity. Furthermore, we demonstrate that the characteristics of 2D VS and US can be controlled and manipulated via adjusting BLs. The results predicted here may be used to design all-optical switching at very low light level.
The paper is arranged as follows. In Sec.II, the physical model is described. The nonlinear vector equation governing the evolution of the probe-field envelope is derived in Sec.III. In Sec. IV, the 2D VS and US are obtained under the control by using a BLs are investigated. Finally, the last section (Sec.V) summarizes the main results obtained in this work.
II. MODEL
We consider a lifetime-broadened atomic gas with a tripodtype level configuration, interacting resonantly with three laser fields, i.e., pulsed probe (with Fig.1(a) ]. We assume atoms are cooled to an ultralow temperature so that their center-of-mass motion is negligible. For simplicity, we assume that all the laser fields propagate nearly along z direction.Thus the electric-field vector in the system reads ., . 
where  is a relaxation matrix. 
, and n is the order of BL.
are dephasing rates, with 
, where 
, with c the light speed in vacuum. Note that we have assumed the control field is strong enough so that c  can be regarded as a constant during the evolution of the probe and signal pulses. These system parameters will be used in the following calculations
III. NONLINEAR ENVELOPE EQUATION
From the standard method of multiple scales [39] , we can derive nonlinear envelope equations of the probe and signal pulses based on the Maxwell-Bloch Eqs.
(1) and (3) . To this end, we take the asymptotic expansion , and
Here, the order of magnitude of s  is lower than that of p  .
Substituting the above expansions to the Eqs. (2) and (3), a series of equations are come up, which can be solved by written them in different order. At first order ( 1  q ), the expressions ofσ t and the probe field are: The real part and imaginary part of the linear dispersion relation K(ω) are presented in Fig.2 . The above model can be easily realized in a cold 85 Rb atomic gas with energy levels assigned a [39, 40] . ), respectively. In Fig.2(a) , it is shown that the control field is strongly related to angular frequency. The value of
arrives at maximum with angular frequency close to zero. Without the control field, the strong absorption emerged seeing Fig.2 (the dashed lines) . EIT is appeared as a transparency window in the profile of Im(Kp) is come into being. In the absence of control field, the slope of the curve is minus in Fig.2(b 
Note that the property of 
is a nonlinear coefficient related to the Kerr effect describing the self-phase modulation of the probe pulse, 
where
is the nonlinear coefficient related to the cross-phase modulation (CPM) contributed by the probe field,
IV. CHARACTERISTIC DISTRIBUTIONS OF MULTI-SOLITONS
For convenience, we convert Eq. (7) into the dimensionless form,
(j=1,2), with
. Here . We use j u as the initial guess wave in the accelerated imaginary time evolution method (AITEM) [41] , to get numerical results. We introduce the norm
and the total energy E of the optical probe and signal-field, , the collision is a bit smeared. The collision does not lead to the destruction of solitons under BLs, and the soliton collision is more localized.
V. CONCLUSION
We investigate the formation and propagation of unipolar and vector vortex solitons (VSs) in a cold atomic gas with Bessel lattices. Under electromagnetically induced transparency (EIT) in a cold, coherent atomic gas with a tripod or multipod level configuration the system, a vector weak unipolar and vortex soliton can be effectively formed with ultraslow propagating velocity. Furthermore, we demonstrate that the characteristics of 2D unipolar and vortex soliton can be controlled and manipulated via adjusting Bessel lattices. The results predicted here may be used to design all-optical switching at very low light level.
